The enantiomers of fourteen O, O-dialkyl-2-benzyloxycarbonyl-aminoarylmethyl-phosphonates are directly separated on the tris(3,5-dimethylphenylcarbamate) cellulose column (Chiralcel OD-R) under reversed phase mode. The results of the chiral separation are different from the results obtained in the normal phase mode. The mobile phase plays an essential role in chiral discrimination when using Chiralcel OD-R. The influences of the mobile phase composition on the retention and the enantioselectivity are investigated. The influences on chiral separation of the length and steric hindrance of alkoxy groups of the phosphonate ester and of the nature of the substituent on the benzene ring that is attached to the chiral carbon atom are also discussed.
Introduction
Numerous chiral stationary phases (CSPs) had been developed in the last decade to provide an efficient method for separation of optical isomers. 1, 2 Among these CSPs, Pirkle's and polysaccharide-type CSPs, have proved to be very effective for the determination of the purity and absolute configuration of a variety of enantiomers. 3, 4 Recently the chiral separations of some organo-phosphorus compounds were reported on different Pirkle's CSPs: for example, the separation of the enantiomers of a series of diethyl N-(aryl)-1-arylmethanephosphonates on a WHELK-O-column. 5 Results showed that the C-aryl substituents play an important role in both the retention and the enantioselectivity. Selim 6 separated a series of enantiomers of dimethyl N-3, 5-dinitrobenzoyl-α-amino substitutedbenzylphosphonate derivatives on the (R)-2,2,2-trifluoro-1-(9-anthryl) ethanol derivative chiral stationary phase. Pirkle also reported the separation of the enantiomers of a variety of N-DNB-amino-phosphonic acid derivatives on the (R)-2,2,2-trifluoro-1-(9-anthryl) ethanol derivative, 7 (R)-N-(2-naphthyl)-D-alanine, 8, 9 (S)-N-(1-naphthyl)-leucine 9, 10 and N- [11-(dimethylethoxysilyl) undecanoyl]-L-proline-3,5-dimethylanilide, 11 ,12 chiral stationary phases. The separation of several 3,5-dinitrobenzyloxycarbonyl-amino-phosphonic acid derivatives were successfully resolved on the quinine carbamate CSP. 13 Liu et al. 14 reported the separation of the enantiomers of α-aminoalkylphosphonic acids derivatives on the (L, L) valinyl-valinetert-butylamide CSP. Grassert et al. 15 described the separation of the enantiomers of α-amino-phosphonic acid derivatives on polysaccharide-type namely Chiralpak AD and Chiralcel OD-H CSPs. We also reported the resolution of a series of racemic O,O-diethyl, (p-methyl-benzenesulfonamide), aryl(alkyl)-methylphosphonates and O,O-dialkyl-1-benzyloxycarbonylaminoarylmethyl phosphonates on the N- (3,5-dinitrobenzoyl) leucine (DNB-leu) CSP and chiralcel OD. [16] [17] [18] [19] In this paper, we describe the separation of a series of racemic O,O-dialkyl-1-benzyloxycarbonyl-aminoarylmethyl phosphonate enantiomers under reversed phase mode on cellulose tris(3,5-dimethylphenyl-carbamate), known as Chiralcel OD-R. Chiralcel OD-R has same structure as Chiralcel OD. Chiralcel OD-R could be used only under reverse phase and Chiralcel OD could be used only in normal phase. The influences of the mobile phase composition on the retention and enantioselectivity have been investigated.
The chiral recognition mechanisms involving those analytes, the organic solvent and the chiral selector used in this study were discussed.
Experimental

Materials
A series of fourteen dialkyl-benzyloxycarbonyl-aminoaryl methylphosphonate compounds were synthesized by the National Laboratory of Elemento-Organic Chemistry, Nankai University Tianjin, China. 20 The general structure of the compounds is presented in Fig. 1 . The substituents R1 are H, -CH3, -OCH3, -NO2 and -Cl. The substituents R2 are Me, Et, Pr and i-Pr, respectively. These compounds were dissolved in methanol and then diluted with the eluent solvent. Solutions with approximate concentration of 1 mg ml -1 in eluent solvent were used for injection. All solvents were filtered by a 0.5 µm filter and degassed in helium.
Apparatus
The chromatography was performed with Waters liquid chromatography equipped with Millennium 32 Chromatography working station, Waters 2996 Photodiode Array detector, Waters 600E system controller and 600E solvent delivery system.
Chromatography conditions
The cellulose tris(3,5-dimethylphenyl carbamate) chiral stationary phase CHIRALCEL OD-R (250 × 4.6 mm i.d.) was purchased from Daicel Chemical Industries, Ltd. (Tokyo, Japan). Acetonitrile, methanol and ethanol were used as the organic modifier in mobile phase.
The mobile phase compositions are shown in Tables 1, 2 
Results and Discussion
The results of the chiral separation of those compounds in reversed phase mode were different from the result obtained in normal phase mode.
Chiral separation of organic phosphonate compounds using different composition of acetonitrile and water as mobile phase
In order to optimize the chiral separation, the effects of different compositions of acetonitrile and water as mobile phase have been investigated. The chromatographic parameters, namely the retention factor (k), and separation factor (α) are shown in Table 1 . The data indicate that the k values increased with increasing the concentration of water in mobile phase for all compounds, while the α values remained almost the same. In the selected mobile phase composition used, only compound 6 can be baseline separated, while compounds 1, 11, 13 and 14 cannot be separated. Compound 9 was separated using different mobile phase conditions (see Table 1 footnote). With the increase of retention time, the separation factors (α) slightly improved.
The chiral separation is improved in the presence of a substituent in the benzene ring, as compared to the unsubstituted analogs, no matter whether the substituent was a π-donor or a π-acceptor group, except when R2 is i-Pr. This is exemplified by the separation of the compound 6 substituted by a -NO2 group (a strong π-acceptor group) in the para-position (Fig. 2 ). However, with π-donor substituents such as -OCH3, -CH3 or -Cl, the chiral separation was worse than the separations for nitro-substituted compounds. The π-donor compounds, 2, 3, 4 and 8 substituted by -CH3, -OCH3 and -Cl in para-and orthoposition, show similar behaviors. However, in normal phase mode using Chiralcel OD, when the substituents are in the paraposition of the benzene ring, the chiral separation was worse than the values for unsubstituted compounds, no matter whether the substituent was a π-donor or a π-acceptor group. 19 Furthermore, in normal phase mode using Chiralcel OD, the chiral separations of the ortho-substituted analogs are much better than those in the meta-or para-position in the normal phase mode, whether the substituent was a π-donor or a π-acceptor group. 19 When the same substituent is at a different position of the benzene ring, it shows that the chiral separations of the parasubstituted analogs are better than those in the meta-position, whether the substituent was a π-donor or a π-acceptor group. The order of the chiral separation was αp-Cl > αm-Cl and αp-NO2 > αm-NO2. the separation factor α of the enantiomers with p-Cl substituent (R1) are always larger than those of the enantiomers of the unsubstituted analogs, whether R2 is Me, Et, or Pr. The enantiomers of compounds 1, 11, 13 and 14 cannot be separated in the selected mobile phase composition. This is different from the chiral separation in normal phase mode using Chiralcel OD column. 21 Using Chiralcel OD in normal phase mode, one finds that the values of the separation factor α of the enantiomers with H substituent (R1) are always larger than those of the enantiomers with p-Cl substituent, whether R2 was Me, Et, Pr or i-Pr. Using Chiralcel OD-R, when the organophosphonate compounds having different R2 and the substituent R1 is p-Cl, one finds that the α values were in the order of αMe > αEt > αPr > αi-Pr. These results are different from those obtained with Chiralcel OD column in normal phase which were in the order of αi-Pr > αPr ≈ αEt > αMe. Using Chiralcel OD-R, one finds that the k values were in the order kPr > ki-Pr > kEt > kMe. This result indicates the following: while the k values decreased, the α values increased with increasing the length of alkoxy groups of the phosphonate esters. Among those eight compounds, the k and α values, with substituents R2 = Me (compounds 9 and 10) are the largest. In reversed phase mode, the results in Table 1 also indicate that the greater the steric hindrance of the alkoxy group of phosphonate esters is, the more difficult the chiral separation becomes. The influence of steric hindrance is also effective in the normal phase mode with Chiralcel OD column. It seems that the effect of the steric hindrance of alkoxy group of phosphonate ester on the chiral separation is greater than effect of the length of alkoxy group of the phosphonate esters. 
Flow rate, 0.3 ml min -1 . Fig. 2 Chromatogram of chiral separation of compound 6: mobile phase, 50% acetonitrile, 50% water; flow rate, 0.5 ml min -1 .
Chiral separation of organic phosphonate compounds using different compositions of methanol and water as mobile phase
Using methanol and water as mobile phase, one finds that the separation results are different from those obtained using acetonitrile and water as mobile phase. The chromatographic parameters, namely the retention factor (k) and separation factor (α), are shown in Table 2 . The k values increased and the α values decreased with increasing the concentration of water in mobile phase for all compounds except compound 6. In the selected mobile phase composition, compounds 3 and 13 were baseline separated while compounds 2, 5, 9, 10 and 12 could not be separated at all (Fig. 3) .
When the substituents are in the para-or meta-position of the benzene ring, the chiral separation was worse than that for the unsubstituted analogs, no matter whether the substituent was a π-donor or π-acceptor group. When R2 is Et, only the enantiomers of compounds 1 and 3 can be separated in all of the selected mobile phase compositions, while the enantiomers of compounds 2 and 5 can not be separated at all. Compounds 4, 6, 7 and 8 can be separated in some of the mobile phase compositions. When the subsitituent is in the ortho-position of the benzene ring, the chiral separation was much better than the separations for the unsubstituted analogs. These observations are different from those obtained with acetonitrile and water as mobile phase.
When the same substituent is at a different position of the benzene ring, the ortho-substituted analogs are better resolved than the para-substituted analogs. The chiral separation of compounds with substituents in the para-position is slightly better than for compounds with substituents in the metaposition. The influence of substituent position of the benzene ring on the chiral separation is similar to that obtained in the normal phase mode with Chiralcel OD.
When the substituents are in the same position, the orders of chiral separation are: αp-OCH3 > αp-Cl ≈ αp-NO2 > αp-CH3 and αm-Cl > αm-NO2. Using methanol and water as mobile phase, the steric hindrance of substituents become more important in chiral separation than the properties of substituents.
Compounds 1, 9, 11, 13 and 8, 10, 12, 14 have the same (R1) substituent but different (R2) substituents. The values of the separation factor α of the enantiomers with H substituent (R1) are always larger than those of the enantiomers with p-Cl substituent, whether the R2 is Me, Et, Pr or i-Pr. The enantiomers of compounds 9 and 12 can not be separated in the selected mobile phase composition. With different substituent R2, when substituent R1 is H, the α values always show an order of αi-Pr > αPr ≈ αEt > αMe and it is different from that in the case of using acetonitrile and water as mobile phase. However, it is the same order of αi-Pr > αPr ≈ αEt > αMe in case of the Chiralcel OD column in normal phase. 20 It was observed in this work that the order of the k values is kPr > ki-Pr > kEt > kMe. This result indicates that the k values increased and the α values increased with increasing the length of alkoxy groups of the phosphonate esters. Among those eight compounds, the k and α values, with substituents R2 = i-Pr (compounds 13 and 14) are the largest. With methanol and water as mobile phase, the results shown in Table 2 also indicate that the greater the steric hindrance of the alkoxy group of phosphonate esters, the easier the chiral separation. It seems that the effect of the steric hindrance of the alkoxy group of the phosphonate ester on the chiral separation is greater than that one related to the length of alkoxy group.
The effect of ethanol concentration on the chiral separation of organic phosphonate compounds
The separations of the organic phosphonate compounds using ethanol and water as mobile phase are similar to the separations of compounds obtained when using methanol and water as mobile phase but are different from the separations of compounds obtained using acetonitrile and water as mobile phase. The chromatographic parameters, namely the retention factor (k) and separation factor (α), are shown in Table 3 . The results indicate that the k values increased and the α values slightly changed with increasing the concentration of water in mobile phase for all compounds. In the selected mobile phase composition, compounds 3 and 13 are baseline separated. However, compounds 2, 5, 7, 8, 9 and 12 could not be separated at all (Fig. 4) .
When the substituents are in the para-or meta-position of the benzene ring, the chiral separation was worse compared to values for the unsubstituted analogs, no matter whether the substituent was a π-donor or π-acceptor group. When R2 is Et, only the enantiomers of compounds 1 and 3 can be separated in all of the selected mobile phase compositions. The enantiomers of compounds 2, 5, 7 and 8 can not be separated at all. Compounds 4 and 6 can be separated in some of the mobile phase composition used. When the substituent is in the orthoposition of the benzene ring, the chiral separation was much better than the values for the unsubstituted analogs. These observations were different using acetonitrile and water as mobile phase, but were similar to the ones obtained using methanol and water as mobile phase.
When the same substituent is in a different position of the benzene ring, the chiral separations of the ortho-substituted analogs are much better than those of the para substituted analogs. The chiral separations of compounds with substituents in the para-position are slightly better than separations of the meta-substituted ones.
Compounds 1, 9, 11, 13 and 8, 10, 12, 14 have the same substituent (R1) and different substituents (R2). With ethanol and water as mobile phase, compounds 8, 9 and 12 can not be separated in the selected mobile phase composition. However, the chiral separation is different using acetonitrile and water as mobile phase. With different substituent R2, and substituent R1 is H, the α values are in the following order αi-Pr > αPr > αEt > αMe. With different substituents R2, and when substituent R1 is p-Cl, the α values show an order of αi-Pr > αMe > αPr = αEt. The results obtained in this study are different from the ones obtained by Chiralcel OD, which were αi-Pr > αPr ≈ αEt > αMe in normal phase. However with ethanol and water as mobile phase the k values were in the following order: kPr > ki-Pr > kEt > kMe.
In normal phase, the chiral discrimination was based on Hbond, π-π interactions, with fitting of the surface cave of stationary phase to the enantiomers. In reverse phase, there will be almost the same interactions between stationary phase and enantiomers, except H-bond interaction. The mobile phase system affects the surface cave. Thus with different mobile phase systems, we can get different chiral separation results.
The above results indicate that using cellulose tris(3,5-dimethylphenylcarbamate) in reversed phase mode, one achieves poorer resolution than that obtained in the normal phase mode. In the normal phase mode, the separation factor of compound 3; substituted with o-OCH3, it is larger than 5. When Chiralcel OD-R is used, the mobile phase plays an important role in chiral discrimination. The chiral stationary phase shows different chiral separation ability and chiral discrimination characteristics when using different mobile phases.
Conclusion
The resolution of fourteen racemic O,O-dialkylbenzyloxycarbonyl-aminoarylmethyl-phosphonates is achieved by HPLC in reversed phase mode on cellulose tris(3,5-dimethylphenylcarbamate) known as Chiralcel OD-R. The chiral separation depends on the type of substituents on those compounds and the mobile phase compositions. Using Chiralcel OD-R, one finds that the mobile phase plays an important roles in chiral discrimination. With different mobile phases, the chiral stationary phase shows different chiral separation abilities.
